Small GTP-binding proteins of the Rab subfamily are key regulators of intracellular vesicle transport. Here we report the isolation of a cDNA clone encoding the complete Rab3c isoform from mouse embryo using a degenerative PCR-based approach. Multiple sequence alignment revealed that the predicted amino acid sequence was identical to the previously identified rat Rab3c isoform and 98% identical to the published bovine Rab3c GTPase from brain. Furthermore by in situ hybridisation, Rab3c mRNA was detectable within various regions of the brain, cartilage and highly enriched within intestinal villi of foetal tissues. Chondrocytes in the hypertrophic zone, but not reserve or proliferative zones, expressed high levels of Rab3c. This pattern of expression corresponds with the genesis of matrix vesicles during endochondral ossification. In all, our results suggest that in addition to its functional role during regulated secretion in brain, Rab3c may play a part in matrix vesicle trafficking during skeletal development.
INTRODUCTION
In eukaryotic cells, inter-organellar transport of proteins is mediated by small carrier vesicles, which bud from a donor compartment, migrate through the cytoplasm and identify and fuse with target membrane(s). Rab proteins, a family of small (21-25 kDa) Ras-like GTP-binding proteins, have long been recognised as key regulators of membrane trafficking events and are thought to confer the specificity of vesicle docking during endocytosis, transcytosis and regulated secretion (Novick & Zerial 1997 , Zerial & Stenmark 1993 . Over 60 Rabs have been identified to date, each displaying differential cellular and subcellular localisation patterns suggesting that individual members of the Rab superfamily may play discrete roles in certain cell types (Stenmark & Olkkonen 2001) .
One of the most intensely studied subfamilies of the Rab GTPases are the Rab3 isoforms which consist of four members, Rab3a, -b, -c and -d (Matsui et al. 1988 , Touchot et al. 1987 , Zahraoui et al. 1989 . Although Rab3 proteins are highly homologous, displaying 77-85% amino acid identity with greatest variance evident within the N-and C-terminal regions, their subcellular targets and functional roles remain somewhat distinct between them (Baldini et al. 1992 , Fischer von Mollard et al. 1990 , Fischer von Mollard et al. 1994 . Rab3a and Rab3b isoforms are preferentially expressed in neurons and neuroendocrine cells where they have been localised to synaptic vesicles (Fischer von Mollard et al. 1990 ) and chromaffin granules (Darchen et. al. 1995) , whereas Rab3d exhibits primary expression in non-neuron cells including mast cells, gastric chief cells and adipocytes (Baldini et al. 1992 , Raffaniello et al. 1996 , Roa et al. 1997 . At present however, little information is available concerning the expression and functional role of Rab3c, although it has been shown to co-enrich with Rab3a on synaptic vesicles (Fischer von Mollard et al. 1994) and, like its other Rab3 counterparts, is thought to guide membrane fusion between transport vesicles and their target membranes during regulated exocytosis (Fischer von Mollard et al. 1994 , Geppert et al. 1997 ). Here we have isolated a cDNA clone encoding the mouse homologue of the Rab3c protein from mouse embryo using a degenerative oligonucleotide PCRbased approach. In addition by in situ hybridisation, we detected the expression of Rab3c mRNA transcripts in mouse embryos at various stages of skeletal development and embryogenesis.
MATERIALS AND METHODS
A 15 day old mouse embryo was used as a template for cloning of Rab3 proteins. Rab3 degenerative oligonucleotide primers were designed based on the conserved sequences of Rab3 and Ras consensus amino acid sequences (QNFDYM) and (WDNAQV). Total RNA was extracted from 15 day old mouse embryo (C57 black) with RNAzol B (Tel Test). PCR was performed using DyNAzyme polymerase (FINNZYMES) with sense and antisense primers: (+) 5 -CARAAYTTYGAYTAYA TG-3 and ( ) 5 -NACYTGNGCRTTRTCCCA3 . A 342 bp amplimer corresponding to the predicted size was gel purified using the UltraClean GelSpin Purification Kit (MO BIO Laboratories Inc., CA, USA) and subcloned into a pCR2·1 TA Cloning Vector (Invitrogen, CA, USA). Colony lift hybridisation and restriction digest analyses were utilised for positive clone selection. Putative clones were sequenced using an automated ABI 373 system and, of these, a clone, displaying striking homology with rat and bovine Rab3c was identified. 3 and 5 end rapid amplification of cDNA ends (RACE) strategies were employed using a modification of the published protocol from Frohman et al. (Frohman et al. 1988 ) to obtain the full length of the mouse Rab3c coding sequence. Blast N (Altschul et al. 1990) at the NCBI was used to screen for DNA and protein homologies via the World Wide Web.
For in situ hybridisation, PCR was used to generate a cDNA product that partially encoded the Rab3c C-terminal region. Oligonucleotide primers were directed against amino acid sequences that were specific to the Rab3c GTPase; Forward: Rab3c1 5 -GAGAGCTTGGAAACCGAC-3 Reverse: (dT) 17-adapter 5 -GACTCGAGTCGACAT CGATTTTTTTTTTTTTTTTT-3 . Amplimers were gel purified and cloned into the pCR2·1 vector using the Original TA Cloning Kit (Invitrogen, CA, USA). Recombinant plasmids containing Rab3c inserts were linearized and transcribed into Digoxingenin (DIG)-labelled anti-sense riboprobes with T7 RNA polymerase, using a DIG RNA labelling Kit (Boehringer Mannheim, Germany). All clones were sequenced for the confirmation of orientation and authenticity of genes. in situ hybridisation was performed on 7, 11, 15 and 19-day-old whole foetal mouse paraffin embedded sections under high stringency conditions as previously described (Huang et al. 2000) . Colour development was carried out with NBT/BCIP stock solution (Boehringer Mannheim, Germany). Signals were assessed by light microscopy (Leitz).
RESULTS AND DISCUSSION
A full-length 1·0 kb clone of the mouse Rab3c isoform was identified. The mouse Rab3c cDNA, GenBank accession number AY026947, contained an open reading frame (ORF) of 684 bp, encoding a putative polypeptide of 227 amino acid residues ( Fig. 1 ). In addition, the 1·0 kb clone encompassed 5 (69 bp) and 3 (254 bp) untranslated sequences that contained a potential polyadenylation signal (TATAAA) 23 bp upstream of the 3 poly A + region. The ORF of this sequence matched a mouse Rab3c that was recently deposited with Genbank (T C Sudhof, unpublished data; Accession No: AF312037). The mouse Rab3c isoform showed characteristic structural motifs of Rab proteins including five conserved GTP-binding domains (G1-G5), an effector binding domain (within G-2) which associates with GTPase activating proteins and a carboxy-terminal cysteine-motif (CGC) which has been shown to be obligatory for isoprenylation and membrane attachment (Bourne et al. 1991 , Chavrier et al. 1991 .
Multiple sequence alignment of the mouse Rab3c protein with previously identified mammalian Rab3 isoforms revealed a high degree of cross-species conservation. The amino acid sequence of mouse Rab3c is strikingly identical to that of the published rat Rab3c isoform from PC12 cells (Viggeswarapu & Wildey 1996) and 98% identical to the previously characterised bovine sequence from brain (Matsui et al. 1988) . In addition, the predicted mouse Rab3c isoform shares up to 85%, 80% and 77% amino acid identity with its mouse Rab3a, -b, and -d isotypes respectively. Highest interspecies and subfamily conservation was observed within the regions that are directly involved in guanine nucleotide binding and hydrolysis (effector/switch I and switch II) (Bourne et al. 1991) . Moreover the greatest protein divergence was observed within the Rab3c C-terminal region that is thought to bestow the specificity of the proteins to their intracellular compartments (Chavrier et al. 1991) .
To examine the expression of Rab3c genetranscripts at the tissue and cellular level in developing mouse embryos we performed nonradioactive mRNA in situ hybridisation on whole foetal mouse sections (days 7, 11, 15 and 19 of gestation) using digoxigenin-labelled anti-sense riboprobes, specific for the C-terminus of rab3C. No obvious Rab3c expression was detected in any tissue at days 7 and 11 (data not shown). In contrast, Rab3c mRNA expression was observed within various tissues upon days 15 (Fig. 2, panels A-E) and 19 of foetal development (Fig. 2 , panels F-K).
As shown in Figure 2A , a strong staining pattern for Rab3c mRNA was observed throughout the foetal mouse brain. More specifically, strong signal was observed in the cerebral cortex, outer layers of the cerebellum with moderate staining evident within the hippocampus (panels A and B). These results were consistent with previous tissue expression studies of rat and bovine Rab3c by Northern and Western blot analyses (Su et al. 1994 Viggeswarapu & Wildey 1996) . RNAse treatment prior to hybridisation displayed little colour development in foetal sections indicating the specificity of the probes for target mRNA sequence (panels E and K).
In addition to brain, Rab3c mRNA transcripts were also localised to a number of non-neuronal tissue and cell types. A strong, well-localised staining pattern was observable in the foetal intestine (panel C). Upon closer examination, the reaction product was clearly evident within the epithelium of the intestinal villi. This expression pattern is analogous with previously identified Rab18 and Rab20 GTPases, both of which have been localised to epithelial cells of mouse foetal intestine (day 16·5) and are thought to mediate apical and basolateral endocytic trafficking in polarised cells (Lutcke et al. 1994) . Whether Rab3c plays a similar, or functionally distinct role in polarised cells remains to be clarified; however, this study indicates for the first time a role for Rab3c in polarised vesicular transport.
Rab3c gene transcripts were also detectable within bone-lining cells (osteoblastic lineage cells) of both 15 (panel B) and 19 (panels F-H) day foetal calvaria; however, no mRNA signal was apparent within residing multinucleated osteoclasts (panel I). Moderate staining was also discernible within calcifying vertebrae (panel J). More interestingly however, was the observed staining pattern of Rab3c within areas of endochondral ossification as shown in panels D and J. Rab3c mRNA was observed in chondrocytes of hyaline cartilage, in particular, within the hypertrophic layer but not in the rest or proliferating zones. Thus the pattern of Rab3c expression appears to specifically correlate with the production of chondrocytic matrix vesicles. In contrast, Rab3d mRNA expression was detected in osteoclasts, but not mesenchymal lineage cells, by Northern Blot analysis in situ hybridisation (data not shown).
Endochondral ossification, a complex multi-step process, is essential for skeletal development during embryogenesis. It is now well accepted that deposition of matrix vesicles at the extracellular compartment of chondrocytes initiates the process of mineralization (Anderson 1995) . During endochondral ossification chondrocytes are induced from a resting stage to a proliferating stage and then characteristically undergo hypertrophy. One of the distinguishing features of enlarging chondrocytes within the hypertrophic zone is the production of matrix vesicles (Anderson 1995) . Matrix vesicles, small extracellular membranous particles containing alkaline phosphatase and ATPase (Boyan et al. 1989 , Matsuzawa & Anderson 1971 , have been shown to dock at the side of polarised cytoplasmic membranes of chondrocytes (Glaser & Conrad 1981 , Suzuki et al. 1981 and osteoblasts (Boyan et al. 1989 , Sudo et al. 1983 where they then bud from the membrane and are subsequently expelled into the extracellular matrix. The restriction of matrix vesicle deposition defines the spatial regulation of the process. Given that the expression pattern of Rab3c in hypertrophic chondrocytes is comparable to matrix vesicle genesis, it is tempting to speculate that Rab3c plays a role in the deposition of matrix vesicles during mineralization. To this end, whether or not Rab3c mediates the docking, budding and/or release of matrix vesicles by hypertrophic chondrocytes requires further study.
In summary, we have cloned a complete cDNA encoding the mouse Rab3c GTP-binding protein by a degenerative-PCR strategy. The predicted amino acid sequence was identical to the previously identified rat Rab3c isoform from PC12 cells and 98% identical to the published bovine Rab3c GTPase isolated from brain. Using whole mouse in situ hybridisation, we have shown that Rab3c was expressed not only in brain tissue but also hypertrophic hyaline cartilage, bone-lining cells and intestinal villi. Our results suggest that Rab3c may play a role in vesicle transport in non-neuron cells, in particular the hypertrophic chondrocytes.
